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Summary/Abstract 

Down syndrome (DS) is the most common cause of intellectual disability and a genetic 
cause of early Alzheimer’s disease, produced by trisomy of whole or part of chromosome 
21. Nevertheless, no gold-standard clinical treatment exists yet. The endocannabinoid 
system plays an important role in memory performance, being implicated in the 
pathophysiology of DS. Previously in the hosting laboratory, cannabinoid type-1 receptor 
(CB1R) function and expression were found enhanced in the hippocampus of young-adult 
trisomic (2-3 months old) Ts65Dn mice, the most used preclinical model of DS. A sub-
chronic (7 days) pharmacological treatment with the CB1R antagonist rimonabant was 
observed to restore object-recognition memory in trisomic mice. Recently, the group 
found that long-term oral treatment with rimonabant also restored memory performance 
in middle-aged (10 months old) trisomic mice, an age when trisomic mice display a 
noticeable neurodegeneration, resembling Alzheimer’s disease observed in aged DS 
subjects. The purpose of the present study was to examine the neurodegenerative 
phenotype of trisomic mice after the long-term pharmacological inhibition of CB1R. A 
semi-automatic quantification method was developed to analyse cellular features from 
brain histological preparations. Analysis of locus coeruleus noradrenergic neurons 
showed a significant lost in trisomic mice that was not prevented by rimonabant 
treatment. Cholinergic neurodegeneration was not prevented by the treatment, and was 
only found in the medial septum, but not in other basal forebrain areas of trisomic mice. 
Together, despite the proven beneficial effects of rimonabant in memory performance, no 
effect of treatment was observed in the neurodegenerative phenotype of trisomic mice 
which clearly dissociates the pro-cognitive effect of rimonabant from the possibility of 
preventing neurodegeneration. 
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Down syndrome; Mouse model; Endocannabinoid system; Cannabinoid type-1 receptor; 
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Preface or prologue 

This bachelor`s thesis has been carried out in collaboration with the Barcelona 
Biomedical Research Park (PRBB). Specifically, with the Laboratory of 
Neuropharmacology (NeuroPhar). 

Down syndrome (DS) is the most significant genetic cause of intellectual disability 
affecting around 1 in about 1,000 live births worldwide. The life expectancy of people 
with DS has increased considerably in recent decades due to improved medical care. This 
has led to a significant increase in the occurrence of age-related comorbidities in this 
sensitive group, such as Alzheimer's disease. Therefore, there is an urgent need to find 
and develop novel therapeutic solutions with the aim of alleviating age-related cognitive 
conditions in DS. The present study provides new insights into the neurodegeneration 
observed in Ts65Dn mice, the most widely used trisomic mouse for DS research as it 
presents similar pathological features to DS patients. Furthermore, this work analyses the 
impact of a potential therapeutic approach, the use of rimonabant, which has been shown 
to improve memory performance in the same trisomic model. Thanks to the numerous 
studies that are currently being carried out to understand and find a solution against this 
condition, science is making great strides towards improving the living conditions of 
individuals with DS. 
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1 Introduction 

1.1 Down syndrome 

Down syndrome (DS) is the most common genetic cause of intellectual disability, with a 
worldwide incidence of approximately one in 1,000 live births [1]. Despite this, there is 
no gold-standard clinical treatment yet [1]. DS is produced by an extra copy or major 
portion of human chromosome 21 (HSA21) and it is the only autosomal aneuploidy 
(defined as the presence of an abnormal number of chromosomes in a cell) that is not 
lethal in the foetal or early postnatal period [2]. 

Down syndrome population present affectations in many tissues including the brain, both 
during development and later in adult life, leading to multiple and variable 
neurobiological and neuropsychological manifestations. The presence of 
neuropathological features similar to those of Alzheimer's disease (AD) is widely 
frequent in the brains of DS subjects over the age of 40, with a suggested heightened 
incidence of dementia reaching 95.7% by age 68 [3].  

Furthermore, other comorbidities are frequent in the DS population including congenital 
heart defects, childhood leukaemia, microcephaly and skeletal abnormalities, endocrine 
disorders (specifically hypothyroidism), higher risk for infections, diabetes, and 
obstructive sleep apnoea [4]. It also affects visual [5] [6] and audition systems [7] coupled 
with speech production disabilities and it is associated with increased risk for 
neurodevelopmental conditions, including autism and attention deficit hyperactivity 
disorder [8]. On the other hand, people with DS seem to be at a decreased risk of certain 
cancers and perhaps of atherosclerosis. Overall, the severity of the symptoms is different 
for every individual. Instead, they all share marked cognitive impairment [9]. 

1.1.1 Genetic basis of Down syndrome 

Full Trisomy 21 is phenotypically expressed in 95% of patients with DS [10], originated 
from mistakes in cell divisions during the development of the egg, sperm, or embryo [11]. 
In most of cases, these non-disjunction events have a maternal origin, and their incidence 
increases with altered recombination and maternal age [12]. The remaining cases are 
attributed to other chromosomal abnormalities including mosaicism, translocation or 
partial trisomy [10]. Translocation DS is a type of DS that is caused when one 
chromosome breaks off and attaches to another chromosome, 14 for example, being 
called the Robertsonian translocation. The genetic material from the extra 21 
chromosome is what causes the health problems [13]. Human chromosome 21 codes for 
more than 500 genes, making trisomy 21 to be considered one of the most complex 
genetic perturbations compatible with life [14]. 

1.1.2 Intellectual disability and pathophysiological changes in the brain on Down 
syndrome 

Despite there are relevant differences between penetrance and the severity within the 
phenotypes of individuals with DS, similar to what is observed in the general population, 
all DS subjects face a relevant intellectual disability trait. In particular, the cognitive areas 
most affected tend to be memory and language and its impact is proposed to be 
accountable for the cognitive deficits in DS [15].  
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Their psychological profile demonstrates strengths in visual learning, in contrast with 
weaknesses in communicative language, verbal working memory and episodic memory 
[16]. Lifelong studies have consistently shown that auditory working memory is less 
developed than visuospatial working memory [17]. However, there is a wide 
psychological feature function, with variations in intelligence quotient, language, 
attention, memory, and purposeful abilities [18]. 

At the neuroanatomical level, the brain in DS subjects presents an atypical brain structure, 
being far believed that such alterations take place in the first months of life [18]. Their 
total brain volume and weight is smaller in addition to shape modifications [19]. 
Alterations affecting neurotransmission and signalling pathways that govern brain 
characteristics are also present. Furthermore, decreased neuronal density, aberrant 
neuronal morphology and altered dendritic arborisation and spines are also described at a 
cellular level [20].  

These neurological conditions most certainly contribute to the cognitive impairment that 
supposes a critical adversity for DS subject’s independence and quality of life. 
Understanding the biology of DS is a complex task due to the extraordinary heterogeneity 
of the phenotypic symptoms. Therefore, better understanding of the pathophysiology of 
cognitive impairment in DS will suppose a challenge for clinicians and scientists and will 
have important implications in the development of therapeutic tools precise to their needs. 

1.1.3 Alzheimer’s disease neuropathology in Down syndrome 

The median life expectancy and quality of life for people with DS has increased 
remarkably in the last decades, as consequence to medical advances, general awareness, 
improved overall medical care and increased social interactions [21]. Therefore, DS 
population suffers now more often from age-related comorbidities throughout their lives, 
implying an economic and social challenge. Particularly, DS is now acknowledged as a 
genetic cause of early onset AD [22] being the lifetime risk of developing AD more than 
90% [23]. As a result, increased survival is not only associated with a longer period of 
necessary care, but it is also intermingled with the real demand of more specialized 
attention at an early age.  

Alzheimer disease, the most common type of dementia, is a progressive 
neurodegenerative disorder, commonly associated to increased extracellular aggregates 
of amyloid-β (Aβ) coupled with intracellular neurofibrillary tangles made of 
hyperphosphorylated tau-protein in cortical and limbic areas of the human brain [24]. 
Memory impairment is the most common symptom, but it is also characterised by 
executive dysfunction and visuospatial impairment, affecting cognition and behaviour 
[25].  

The term "dementia" refers to devaluation in intellectual condition or the increase of 
multiple cognitive deficits affecting language, comprehension memory and daily life 
activities. The most common form of dementia in DS results to be AD. The strong 
association between DS and AD is mainly attributed to an increased dosage of the 
amyloid precursor protein (APP) gene, which is located in HSA21. This is believed to 
extend the amount of Aβ, a cleavage product of APP that aggregates upon misfolding, 
accumulating in plaques within the brain of individuals with AD. Consequently, it is 
assumed to underlie the event of early-onset, extremely penetrant, AD-like pathology in 
people with DS [26].   
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1.1.4 Mouse models of Down syndrome  

Mouse models have played a crucial role in the field of DS research as an experimental 
approach for better understanding of the changes occurring in DS and the contribution of 
specific genes to specific phenotypes [27]. HSA21 genes are homologous to various 
regions located on mouse chromosome (MMU) 10, 16 and 17 [28], leading to the 
generation of several DS mouse model. The first trisomic mouse model reaching 
adulthood was the Ts (1716)65Dn (Ts65Dn) mouse, enabling postnatal studies [29]. It is 
the most-used mouse model for DS and has been the one used in this project as a 
preclinical model. This mouse model has a trisomy region of Mmu16 (Figure 1) with 90 
conserved protein coding HSA21 homologous genes. On the other hand, Ts65Dn model 
is also trisomic for a segment of the MMU17, which contains 60 protein coding genes 
and none of them are homologous to HSA21 genes.  

Due to the combination of genes expressed, the Ts65Dn mouse model partially replicates 
the aneuploidy that is observed in most DS cases [30]. Even though it is only a partial 
representation of the DS aneuploidy, this model is widely accepted, as it has been shown 
that Ts65Dn mice experience deficits in learning and memory function and includes the 
triplication of App gen, enabling the use of this model for the study of some characteristics 
of AD in DS [31]. 

 

Figure 1 - Representation of the homology regions between HSA21 and MMU16, which is in 
trisomy in Ts65Dn trisomic mice. Image extracted from (Antonarakis et al.; 2004). 

1.1.4.1  Cognitive deficits in the Ts65Dn mouse model 

Ts65Dn mice show an impairment in performing hippocampal-dependent tasks, such as 
spontaneous alternation in the T-maze, contextual fear conditioning, novel object 
recognition and spatial memory in the radial arm maze [32]. Ts65Dn mice also present 
deficits in learning an operant conditioning paradigm [33]. There are several studies that 
described memory performance in Ts65Dn mouse model after the administration of drugs 
[34].  
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1.1.4.2 Alzheimer’s disease-like neuropathology in Ts65Dn mouse model 

Histomorphological research of middle-aged Ts65Dn trisomic mice revealed 
modifications resembling those found in DS individuals with AD. From the sixth month 
onwards, some degenerative signs start to appear, such as the loss of noradrenergic cells 
in the locus coeruleus (LC) [35]. Additionally, from the tenth month, there is a significant 
loss of ChAT-immunoreactive neurons in the basal forebrain [36]. Moreover, it has been 
demonstrated the reduction in the number of neurons in the dentate gyrus [37], and the 
increase in APP and Aβ levels that do not form aggregates in this model [38].  

Neurodegenerative hallmark changes in Ts65Dn mouse model correlate with their 
progressive memory decline and loss of noradrenergic and cholinergic neurons, directly 
dependent on APP overexpression. These factors and others [39] are the cause of the early 
neurodegenerative phenotype developed in trisomic mice, reminiscent of AD present in 
individuals with DS. These shared characteristics indicate that Ts65Dn mice can be used 
to simulate certain characteristics of the neuropathological progression in DS and provide 
an opportunity to study DS and the potential therapeutic interventions for AD features 
[40]. 

1.2 Endocannabinoid system 

The endocannabinoid system (ECS) is a neuromodulatory system that plays an important 
role in learning and memory processes. Alterations of the ECS have been broadly 
investigated in a range of different disorders, including DS [41]. The ECS is composed 
by cannabinoid receptors, their endogenous ligands (endocannabinoids) and several 
endocannabinoid metabolic enzymes [42] (Figure 2). Within its extensive network of 
cannabinoid receptors throughout the body, the main ones are cannabinoid type-1 and 
type-2 receptors (CB1R and CB2R), both coupled to G-proteins [43]. CB1Rs are mainly 
expressed in the brain, and they usually mediate the inhibition of transmitter release, 
thereby promoting synaptic homeostasis. On the other hand, CB2Rs are mostly expressed 
in the periphery and their function is related with the immune system [44]. It is 
demonstrated that endocannabinoids intercede retrograde to modulate synaptic signalling 
within the central nervous system and elsewhere, directly having consequences for 
cognitive function [38]. Endocannabinoids are discharged from the postsynaptic terminal 
after depolarization. Then, endocannabinoids may bind to the presynaptic CB1Rs leading 
to the inhibition of the release of different presynaptic neurotransmitters [45]. Therefore, 
genetic changes or treatments that affect endocannabinoid signalling have profound 
effects on synapses and neuronal properties and, in some cases, may affect higher brain 
functions [41]. Exogenous compounds such as ∆9-tetrahydrocannabinol (THC), the most 
psychoactive constituent from Cannabis sativa plant. can also modulate the ECS [46]. 
Furthermore, research has also been made to find synthetic compounds that can modulate 
the ECS. It is the case of the CB1R specific antagonist/inverse agonist SR141716A 
(rimonabant) [47]which enables more understanding about the role played by the ECS, 
and specifically CB1Rs, in several physiological processes including mood, hunger, and 
memory, among others [48]. Indeed, it was described that the administration of THC as 
an agonist, promotes memory deficits through CB1R activation [48]. However, 
rimonabant as a specific antagonist of CB1Rs, induced the contrary effect on cognition 
[49].  
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Figure 2 - Schematic representation of the main ECS components. Image extracted from (Araujo 
et al 2019). This graphic includes the metabolizing routes of the eCBs. CB1/CB2, cannabinoid 
receptors 1 and 2; 2- AG, 2-arachidonoylglycerol; FAAH, fatty acid amide hydrolase; MAGL, 
monoacylglycerol lipase; DAGL, EMT: endocannabinoid membrane transporter; NAT, N-acyl 
transferase; NArPE, N-arachidonoyl phosphatidylethanolamine; NAPE-PLD, N-
acylphosphatidylethanolamine specific phospholipase D; DAGL, diacylglycerol lipase. 

1.2.1 The implication of the endocannabinoid system in Down syndrome 

It has been proposed that the ECS is involved in the pathogenesis of several neurological 
and neurodevelopmental disorders [50]. The fine-tuned regulation of neural transmission 
by the ECS has been proposed, along with other systems, to be one of the mechanisms 
underlying the cognitive deficits observed in DS mouse models [51]. It has been described 
that CB1R protein expression was heightened, and its function increased in hippocampus 
of young-adult Ts65Dn mice [52]. This area of the brain is particularly impaired in DS, 
and the expanded expression was functionally relevant at excitatory terminals and not at 
inhibitory ones [53]. To this effect, it was illustrated that CB1R knockdown within the 
hippocampus of male young-adult Ts65Dn trisomic mice restored hippocampal-
dependent memory. In agreement with this finding, CB1R pharmacological inhibition 
using a sub-chronic administration of the CB1R specific antagonist/inverse agonist 
rimonabant, re-established memory deficits in young-adult Ts65Dn mice, as well as 
hippocampal adult neurogenesis and hippocampal synaptic plasticity [52]. Moreover, in 
another study, it was shown that build-up of the endocannabinoid 2-AG promoted by the 
inhibition of the metabolizing enzyme MAGL, had beneficial effects in a number of 
behavioural and neurological features [41] in the case of middle-aged Ts65Dn trisomic 
mice.  

1.2.2 The implication of the endocannabinoid system in neurodegeneration 

It has been described the important role of the ECS modulating neurodegeneration, 
involving numerous concomitant pathological processes, such as neuroinflammation, 
excitotoxicity, mitochondrial dysfunction, and oxidative stress [54].  

Altered signalling and composition of the ECS can be observed in the analysis of human 
post-mortem brain tissue with AD [55], suggesting its contribution to the development of 
this condition in a location-specific and time-specific manner, during the different stages 
of the pathology [56]. However, the bestowal of this modifications remains ambiguous.  
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Several studies have aimed to characterize the changes experienced by the ECS signalling 
during the progression of this disease, particularly in the hippocampal region, that is one 
of the most affected brain structures [57]. Some of them have reported downregulation 
[58], upregulation [59], or no alteration of CB1R [60], leading to controversial results. 
Regarding CB1R levels, no correlation has been found with the AD molecular markers 
(Aβ42 or senile plaque score) [61]. On the other hand, a significant increase of CB2R 
levels was revealed in AD brains, corresponding to the receptors express on microglia 
surrounding senile plaques [62]. There is a current need of more research about different 
neurodegenerative processes. For all the above, pharmacological modulation of ECS 
signalling [63] might produce beneficial effects to create an effective treatment for AD, 
emerging as a viable target for symptom alleviation on the disease [63]. 

1.3  Neurodegeneration of noradrenergic cells 

Individuals with DS exhibit degeneration of locus coeruleus (LC) noradrenergic (NE) 
neurons early in the progression of AD pathology, coupled with working memory deficits 
[64]. The LC is the primary source of noradrenergic projections to the brain, and it is 
important for attention, cognitive flexibility and working memory [65]. Effects of LC-NE 
degeneration on brain function are mediated directly, via neurotransmission, and 
indirectly, via aggravation of Aβ accumulation, inflammation, and oxidative stress 
pathways [66]. It has been demonstrated that early loss of LC-NE innervation can lead 
into amyloid deposition and modulate the activation state of inflammatory cells [65]. For 
instance, this could have an impact on the acceleration of cognitive deficits observed. 
Indeed, studies have revealed that, hyperphosphorylated tau, a protein that is prone to 
aggregation, can be detected in the LC before anywhere else in the brain, sometimes 
during the first few decades of life [67] [68]. LC pathologies regularly happen before the 
primary symptoms of each disorder, such as dementia in AD, suggesting that LC loss may 
contribute to the initiation, progression, and severity of the disease initiation, rather than 
just being a collateral damage [69]. It was proven by immunostaining of tyrosine 
hydroxylase (TH) that normal aging does not affect the LC, concluding that degeneration 
is directly related to disease progression [70]. According to these finding, both in human 
and in mouse models LC is recognized as one of the first brain areas suffering from 
degeneration. LC-NE neurons, similar to BF-C neurons, degenerate with age in Ts65Dn 
mice, but LC-NE neuron degeneration was detected earlier (6 months) than BF-C neuron 
deficit (10 months) [35]. Ts65Dn mice exhibit progressive age-related memory 
dysfunction in working and reference memory tasks [71] [72], resembling the cognitive 
impairment observed with in aging DS individuals [73]. Notably, noradrenergic depletion 
resulted in faster cholinergic neurodegeneration [74]. 

1.4 Neurodegeneration of the cholinergic cells 

In pathological situations associated with cognitive deficits, such as DS subjects with 
early AD, significant degenerations of BF-C neurons have been observed [75]. The 
phenotypic loss of cholinergic neurons is also a hallmark of AD, and correlates strongly 
with memory loss [76]. It has been described that AD not only causes a decrease in the 
number of cholinergic neurons but also in the levels of choline acetyltransferase (ChAT), 
an enzyme necessary for synthesizing acetylcholine in the basal forebrain [77][82], which 
has a very important role in the peripheral and central nervous systems [78]. 
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Basal forebrain cholinergic system is formed by discrete cell groups that innervate 
numerous brain regions. It is divided in two major groups, one localized in the medial 
septum (MS)/vertical (VDB) and horizontal (HDB) diagonal band of Broca, and the other 
in the nucleus basalis magnocellularis (NBM) [77] (Figure 3). MS and VDB 
predominantly extend their axons to the hippocampus, HDB to the olfactory bulb and 
NBM provide the main innervations to the entire cortex [77] [79] Thus, the progressing 
memory deficits with aging have been related to degenerative changes of cholinergic 
neurons of the basal forebrain, resulting in cholinergic hypofunction. 

 

Figure 3 - Illustrated overview of the basal forebrain cholinergic pathway. (Saswati et al., 2015) 
 

These neural deficits are replicated in the Ts65Dn mouse. It has been described APP 
overexpression in Ts65Dn mice, necessary to produce cholinergic cell loss [80]. In the 
Ts65Dn mouse model, BF neuropathology is mirrored with characteristic atrophy of BF-
C neurons [80] [81] and significant phenotypic loss shown at 10 months of age [38].  

It has been revealed a reduction in immunohistological detection for choline 
acetyltransferase (ChAT) and imbalances in the expression of nerve growth factor (NGF), 
its precursor proNGF, the high and low NGF receptors, trkA and p75 neurotrophin 
receptor (p75NTR), respectively, in BF-C neurons at this age [75]. The vast majority of 
studies have contemplated the loss of acetyl cholinesterase (AChE), ChAT or p75NTR 
immunoreactivity as a correlative of neurodegeneration [82]. 

1.5 State of art 

In the Laboratory of Neuropharmacology (NeuroPhar) of the University Pompeu Fabra 
at PRBB, the main interest of study lies in the development of research lines that allow 
the identification of new therapeutic approaches at the level of the nervous system. They 
have a long track record in the study of the endogenous opioid and cannabinoid systems 
in the pathophysiology of affective disorders.  

Previously in the laboratory, it was found that cannabinoid type-1 receptor (CB1R) 
function and expression are enhanced in the hippocampus of young-adult Ts65Dn mice 
(Figure 4A), the most used preclinical model of DS. Moreover, adult Ts65Dn trisomic 
mice display a noticeable neurodegenerative phenotype that resembles that observed in 
middle-aged DS subjects. They also observed that a sub-chronic (7 days) pharmacological 
inhibition with rimonabant (CB1R antagonist/inverse agonist) (Figure 4B), restores 
object-recognition memory in addition to synaptic plasticity and adult neurogenesis. 
More recently, they have found that a long-term oral treatment with rimonabant 
normalized memory performance to that of control mice at 10 months of age, an age when 
neurodegenerative alterations have been well described (Figure 5) [52]. 
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Figure 4 - (A) Schematic representation of the CB1R expression in WT and Ts65Dn. Implying 
an increasement of the receptor found in the trisomic model. (B) Schematic representation of the 
treatment performed by the laboratory group based on a chronic CB1R pharmacological inhibition 
in adult Ts65Dn mice. 

 

 

Figure 5 - Protocol for studying the behavioral response of Ts65Dn mice during a long-term 
treatment directed to CB1R. Locomotor activity test (LAT), novel object-recognition memory 
test (NORT): short-term memory (STM) and long-term memory (LTM), elevated plus-maze test 
(EPMT) and open field test (OFT) were carried out. After this protocol, brain sample analysis 
was performed by the immunodetection of markers TH, ChAT and p75NTR. Long-term CB1R 
pharmacological inhibition rescues hippocampal-dependent memory deficits in middle-aged male 
Ts65Dn. 

1.6 Objectives 

The purpose of the present study is to examine the samples obtained after the long-term 
pharmacological treatment directed to inhibit CB1R, to assess the signs of 
neurodegeneration in LC-NE neurons and BF-C neurons. This exhaustive analysis will 
cover the most described phenotypes related to AD in the DS model. For instance, we 
will investigate the number and size of noradrenergic and cholinergic neurons in 
rimonabant-treated mice and in mice exposed to placebo/vehicle conditions.  

Such analysis aims to figure out the effectiveness of CB1R blockade in preventing the 
early degenerative processes characteristic in LC-NE and BF-C neurons of the DS mouse 
model Ts65Dn. 
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1.7 Expected results 

After 3 months of treatment with rimonabant, object-recognition memory deficits of male 
and female Ts65Dn trisomic mice were restored. Furthermore, memory improvement was 
also present in the same cohort of rimonabant-treated trisomic mice at 10 months of age. 
Additionally, long-term rimonabant treatment did not display alterations in locomotor 
activity, anxiety-like behaviours, body weight and overall survival rate. These results 
reinforce the CB1R as a pharmacological target for the long-term treatment of cognitive 
impairment in the context of AD in DS. The effectiveness of the long-term treatment with 
rimonabant in the behavioural tests suggests that there are beneficial changes in the 
neurobiological mechanisms of the animals underlying cognition that are being modified 
with the drug treatment. 

Using epifluorescence microscopy, we will be able to check whether the administration 
of the drug has preserved the quantities of LC-NE and BF-C neurons in the trisomic mice 
and prevent their neurodegeneration. This quantification will prove rimonabant´s role in 
modifying degeneration and enable the localization of the areas that are affected by the 
treatment.  

2 Materials and methods 

We established the following workflow to tackle the immunohistochemical study of the 
brain tissues obtained from mice after long-term pharmacological treatment and 
behavioural assessment, involving LAT, NORT, EPMT and OFT tests (Figure 6). 

 

 

 

 

 

Figure 6: Workflow of the proposed methodology for analysing neurodegenerative 
phenotype of trisomic mice after long-term treatment rimonabant. 

2.1 Animals Ts65Dn and WT mice used in this experiment 

Ts65Dn (B6EiC3Sn.BLiA-Ts(1716)65Dn/DnJ) [83] and wildtype (WT) 
(B6EiC3Sn.BLiAF1/J) mice were purchased from The Jackson Laboratory and crossed 
to obtain Ts65Dn trisomic and control (WT) littermates. All experimental mice were bred 
at the Barcelona Biomedical Research Park (PRBB) Animal Facility.  

All animal procedures were conducted in accordance with the standard ethical guidelines 
(European Communities Directive 86/60-EEC) and approved by the local ethical 
committee (Comitè Ètic d’Experimentació Animal-Institut Municipal d’Assistència 
Sanitaria-Universitat Pompeu Fabra). Mice were housed in a temperature controlled (21 
°C ± 1 °C) (mean ± range) and humidity-controlled (55% ± 10%) environment. Lighting 
was maintained at 12 h cycles (on at 8 AM and off at 8 PM). Food and water were 
available ad libitum. 

STUDY BEHAVIORAL 
RESPONSE 

IMAGE ANALYSIS IMAGE ADQUSITION 

IMMUNOFLUORESCENCE 
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2.2  Drugs and treatments 

Rimonabant was purchased from Axon Medchem. It was dissolved in ethanol and later 
diluted in water and 2-Hydroxypropyl-β-cyclodextrin to reach the following final 
concentrations: 0.005 mg/ml rimonabant, 0.027% ethanol, 0.3% 2-Hydroxypropyl-β-
cyclodextrin. The compound was administered through the drinking bottle, and a placebo 
solution (0.027% ethanol, 0.3% 2-Hydroxypropyl-β-cyclodextrin) was used in similar 
littermates as control/placebo/vehicle condition. Mice were included in the study at the 
age of weaning (postnatal day 21, PND21). Rimonabant doses were titrated in the same 
cohort of mice starting from the dose of 0.1 mg/kg/day to the final concentration of 0.5 
mg/kg/day at fourth months of age, to follow this dosage until mice were euthanized at 
ten months of age after the memory assessment was performed (Figure 5). 

2.3 Immunofluorescence  

Mice were intracardially perfused with 4% paraformaldehyde in phosphate buffer (PB), 
and their brains were preserved for further analysis. After brain sections (30 um thick) 
were obtained, they were washed three times (5 min each) in PB. Afterwards, the tissue 
was incubated in blocking buffer (0.3 % Triton X-100 and 3 % normal donkey serum 
diluted in PB) for 2 h at room temperature. Then, sections were incubated with primary 
antibodies: goat anti-ChAT (1:50, Millipore), rabbit anti-p75NTR (1:500, New East 
Biosciences) and mouse anti-TH (1:1000, Sigma) overnight at 4 ºC. Next day, after 15 
min at room temperature, sections were washed three times in PB (10 min each) and 
subsequently incubated with the corresponding fluorescent secondary antibodies: donkey 
anti-goat Alexa Fluor 488 (1:250), donkey anti-rabbit Alexa Fluor 555 (1:500, Molecular 
Probes) and donkey anti-mouse Alexa Fluor 488 (1:500, Jackson ImmunoResearch) 
diluted in PB? for 2 h at room temperature. Finally, sections were washed three times (10 
min each) and mounted onto gelatin-coated glass slides with Mowiol mounting medium 
before microscope image acquisition.  

2.4 Image acquisition 

2.4.1 LC imaging 

Images for the analysis of LC-NE neurons of the LC area were obtained using a Leica 
TCS SP8 confocal microscope. Tissue sections were examined with a 20x dry Leica 
objective (Figure 7). Images were 8-bit, 1024 x 1024 pixels. Grayscale digital images 
were imported to Fiji software (Image J) [84].   
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Figure 7 - Representative confocal micrographs showing the two groups of TH+ cells found the 
LC of each animal of the present study. Scale bar: 100 µm. 

2.4.2 BF imaging 

General view images were first acquired using the Olympus Macrozoom MVX 10 
carefully identify the different sub-regions in BF (Figure 8) for further analysis. 

 

Figure 8 - Representative Olympus Macrozoom MV10 micrographs of the (A) MS and the (B) 
HDB regions of interest enabling a general image of the mouse tissue. Scale bar: 0.80 mm. 
 

For the analysis of BF-C neurons in each sub-region of the BF area, images were acquired 
using the Leica DM6000 B microscope at 10px resolution. This microscope produced 
very precise images of the sub-regions of interest in order to accurately quantify the 
cholinergic ChAT+ (Figure 17) and p75NTR+ (Figure 18) cells.  In order locate the sub-
regions within the coronal brain sections, the fibre tracts of the anterior commissure and 
the olfactory limb were used as references, perfectly recognisable by the characteristic 
DAPI counterstaining. 
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2.5 Image analysis 

2.5.1 Neuroanatomical identification of LC and posterior manual analysis 
method. 

The first step was finding the right neuroanatomical location of LC within the confocal 
images obtained previously in the laboratory (Figure 9A). After the neuroanatomical 
identification of LC, a manual quantification method was performed for recording the 
density of the TH cells in the LC. The manual method also allowed to collect detailed 
data about the size of these area in the different samples between groups and its posterior 
analysis (Figure 9B). 
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Figure 9 - (A) Schematic representation of LC (green) location in mouse brain coronal section 
(Modified from Allen Brain Atlas). (B) Size in µm2 of LC area assessed by immunodetection of 
TH in the different groups of mice. 
 

2.5.2 Neuroanatomical identification of BF and semiautomatic analysis 

The first and crucial step when starting to analyse the microscopy images was to select 
the appropriate regions, within the brain sections of the Ts65Dn and WT mouse, that were 
described in the literature to embrace cholinergic cells. As mentioned above, the areas of 
interest to the current study were the subregions of the BF: MS, VDB, HDB and NBM 
Each of these regions are selected in the image thanks to the layout of its corresponding 
area, configuring a particular ROI. The program allows us to establish these defined ROIs 
and save them for further use. Fiji also provides real area values and length measurements 
of these subregions and enable the analyse of the differences between the four mouse 
groups of study. Neuroanatomy of these subregions and the analysis of their area size 
could be found in Figure 10 (MS), Figure 11 (VDB), Figure 12 (HDB) and Figure 13 
(NBM). 

Regions of interest were created using the Polygon Selection tool. The vertex points that 
define a polygon selection were modified to accommodate all the characteristics of the 
specific regions. Once the ROI was defined, the program reported the area of the zone, to 
be used later on to calculate cell density, and also study potential differences in region 
size between experimental conditions. The area outside the ROI was deleted with the 
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command Clear Outside, in order to automatize the analysis of the remaining image in 
the ROI to count the cholinergic cells. By the time all the ROIs were established, they 
were stored and used the same for both p75NTR and ChAT images, thus giving greater 
consistency to the delimitation of the regions and their analysis within both biomarkers 
avoiding inaccuracies. 

2.5.2.1 Medial septum 

A                                                                                               B

 

Figure 10 - (A) Schematic representation of medial septum (MS) in green inside the grey box 
part of the BF of the mouse model (Modified from Allen Brain Atlas). (B) Bar graphs depicting 
the MS area in µm2 assessed by immunodetection in the different groups of mice.  
 

2.5.2.2 Vertical diagonal band of Broca 

A                                                                                               B

 
Figure 11 - (A) Schematic representation of vertical diagonal band of Broca (VDB) in yellow 
inside the grey box, part of the BF of the mouse model (Modified from Allen Brain Atlas). (B) 
Bar graphs depicting the VDB area in µm2 assessed by immunodetection in the different groups 
of mice. *P<0.05 
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2.5.2.3 Horizontal diagonal band of Broca 
A                                                                                               B

 

Figure 12 - (A)Schematic representation of horizontal diagonal band of Broca (HDB) in yellow, 
inside the grey box, part of the BF of the mouse model (Modified from Allen Brain Atlas). (B) 
Bar graphs depicting the HDB area in µm2 assessed by immunodetection in the different groups 
of mice. *P<0.05 

2.5.2.4 Nucleus basalis of Meynert or nucleus basalis magnocellularis 

 

A                                                                                               B

 

Figure 13 - (A)Schematic representation of Nucleus basalis of Meynert (NBM) in yellow, inside 
the grey box, part of the BF of the mouse model (Modified from Allen Brain Atlas). (B) Bar 
graphs depicting the MS area in µm2 assessed by immunodetection in the different groups of 
mice. 
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A semiautomatic method was developed in order to quantify from microscope imaging 
the number of positive/stained cholinergic cells in all the subregions of the BF. The 
immunodetection of neurotrophin receptor p75 (p75NTR) and choline acetyltransferase 
(ChAT) was used to study BF neurodegeneration. To this end, a macro to perform the 
semiautomatic quantification method at ImageJ/Fiji program [84] was created and 
validated. Fiji is an image processing package—a "batteries-included" distribution of 
ImageJ, bundling a lot of plugins which facilitates scientific image analysis. In biomedical 
sciences, and especially in biology, the quantification of the number of cells in an image 
is a procedure widely used in the analysis of the results of research studies.  

To do this, it was first necessary to apply pre-processing filters to the given image by 
means of functions implemented in ImageJ. Statistical calculations were also performed 
to estimate the sensitivity and accuracy of the proposed semiautomatic cell counting 
method, considering as gold standard criteria the manual measurements provided by a 
specialist on quantifying cell density in microscope images. This statistical comparison 
allowed us to ensure the accuracy of the newly developed method. 

2.5.2.5 Semi-automatic quantification method: ImageJ/Fiji Macro Language.  

A macro is a simple program that automates a series of ImageJ command, saved as a text 
file, and executed by selecting a command from the menu, pressing a key, or clicking an 
icon on the ImageJ toolbar. This code allows the user to process with it as many images 
as desired.  

In this study, after the accurate neuroanatomical distribution of the BF regions, two 
different macros, one for each biomarker, were firstly implemented to allow the 
quantification of the cholinergic cells of the BF samples: 

 ChAT+. The procedure to obtain the macro used for the quantification of ChAT+ 
cells is not the same as that developed for p75NTR. In this case to process the 
image we use from the beginning the Math command that allows us to add 
(subtract, multiply, etc.) a constant to each pixel in the active image or selection. 
Because the tissue in the image makes it difficult for us to differentiate cell 
fluorescence, we use the option that subtracts a constant from the selection. The 
value of this constant was determined by considering the standard deviation and 
mean of a strip of our image. In our case, we want to know these values of a strip 
of the noisy background that does not contain any of the cells of interest. The 
standard deviation was multiplied by 3 and added to the mean of the same image. 
The constant to be subtracted was a fixed value used for the analysis of all the 
ChAT images. By applying this operation, we obtain an image with a dark 
background in which we can better appreciate the ChAT+ cells. The final value 
was 815. In order to observe the cells clearly, the program allows us to modify the 
current image display, from Image-Adjust-Brightness-Contrast. This time the 
method used to define the AutoThreshold was RenyiEntropy white. Similar to the 
MaxEntropy method but using Renyi's entropy instead. Finally, the step from 
Analyse particles common to the P75 macro was repeated. Macro´s results can be 
seen in the Figure 14A. 
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 p75NTR+.To obtain the macro used for the quantification of p75NTR+ cells, 
firstly a “threshold” filter was applied identifying pixels above or below a 
particular threshold value, concretely, Yen White Auto Threshold. This command 
allows defining both low and high threshold values, so that only pixels falling 
within a specified range are found. After applying a suitable threshold, a binary 
(black and white) image was created. In addition, morphological operations were 
added to refine and modify the shapes of objects in binary images. Processing our 
binary image with the command OPEN allow us to perform an erosion operation, 
followed by dilation. This smoothest object and removes isolated pixels. By after 
using Remove Outliers, it replaces a pixel by the median of the pixels in the 
surrounding if it deviates from the median by more than a certain value (the 
threshold). The values used were radius=2 and threshold=50 in this operation. 
Next, to separate groups of cells “watershed” command was executed.  
Watershed segmentation is a way of automatically separating or cutting apart 
particles that touch. It first calculates the Euclidian distance map (EDM) and finds 
the ultimate eroded points (UEPs).  
It then dilates each of the UEPs (the peaks or local maxima of the EDM) as far as 
possible either until the edge of the particle is reached, or the edge touches a region 
of another (growing) UEP. Watershed segmentation works best for smooth 
convex objects that do not overlap too much. Finally, “analyse particles” 
command was executed with a cell size of 70, which provides the number of 
positive cells and the total cells area analysed. Particles with size (area) outside 
the value specified above are ignored. For spatial scaled images values are 
expressed in physical size square units or in pixels if Pixel Units is checked. 
(Figure 14B). 
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Figure 14 - Generated macros from ImageJ/Fiji. A macro is a simple program that automates a 
series of ImageJ commands. Examples of the macros used in this study for the semi-automatic 
quantification of (A) ChAT+ cells and (B) p75NTR+ cells. 
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Once the cell quantification using both macros (ChAT and P75NTR) is completed, the 
following data are obtained for all regions: 

 Number of cholinergic cells 
 Sum of the areas of all ChAT/p75NTR+ cells 
 Average of the cellular areas 
 % of cell occupation in that area  
 Total area of the region    
 Density Cell  
 Density cell size 

2.6 Statistical analysis 

Results are reported as the mean ± SEM. All the graphics were analysed by two-factor 
ANOVA, performed with Prism 9, followed by Tukey post-hoc test when required. For 
the setup of the semiautomatic quantification method, results were analysed by one-way 
ANOVA. Comparisons were made of cell means regardless of rows and columns and 
considered statistically significant when p<0.05. 
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3 Results 

As explained above, Ts65Dn trisomic mice have been described to develop 
neuropathological features resembling AD. On the other hand, it has been revealed by the 
hosting laboratory that rimonabant treatment showed normalizing effects over the object-
recognition memory deficit in Ts65Dn mice (see Figure 5). For this reason, the aim of 
this project was to examine whether long-term rimonabant treatment under conditions 
that preserve memory function in trisomic mice, could be doing so by preventing the LC-
NE and/or BF-C neuron degeneration in this mouse model.  

3.1 Density of locus coeruleus noradrenergic neurons of Ts65Dn 
male mice after a life-long treatment with rimonabant. 

Biological mechanisms involved in DS-AD include noradrenergic neuron loss in locus 
coeruleus [85]. Tyrosine hydroxylase (TH) is recognized as the limiting enzyme in the 
synthesis of dopamine that is then hydrolysed to noradrenaline [86], which renders TH as 
a specific marker of LC-NE neurons. The analysis of the density of LC-NE neurons was 
carried out by the immunodetection and manual counting of TH positive (TH+) cells 
(Figure 15A). 

Regarding the size of the area covered by TH+ neurons, there were no differences 
between groups (Figure 9B). Locus coeruleus analysis revealed a significant decreased 
(P<0.05) in the density of TH+ neurons in this region of Ts65Dn trisomic male mice, 
replicating similar results of previous studies [35]. However, this neurodegeneration was 
not prevented by life-long rimonabant treatment, as it can be seen in Figure 15B. 
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Figure 15 - (A) Representative image of the LC showing TH+ neurons under the manual 
quantification method by FIJI analysis tool for measuring cell populations. (B) Number of TH 
cells in the LC assessed by immunodetection in the different groups of mice: WT (Wildtype) and 
Ts65Dn (Trisomic mice) within the different treatment of vehicle or rimonabant. Scale bar: 100 
µm. *P<0.05 
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3.2 Density of basal forebrain cholinergic neurons of Ts65Dn male 
mice after a life-long treatment with rimonabant. 

 

The analysis of the BF-C neurons was performed by the immunodetection of p75NTR 
and ChAT in control and trisomic mice exposed or not to the life-long treatment with 
rimonabant focusing on the different subregions of the basal forebrain: medial septum, 
diagonal band of Broca (vertical and horizontal), and nucleus basalis of Meynert. 

3.2.1 Validation of a semi-automatic method for quantifying the density of 
cholinergic cells in the BF of DS mouse models. 

With the aim of quantifying the number and characteristics of cholinergic cells present in 
the mouse samples at the end of the treatment, a semi-automatic counting method was 
developed to speed up the analysis without losing accuracy. As mentioned in the materials 
and methods section, this program was based on the creation of a programming macro in 
Fiji [87], measuring not only the quantity of cholinergic cells found in the microscopy 
image, but also valuable characteristics related to their size and density. To validate this 
semi-automatic method of analysis once adequately tuned, tests were carried out on a 
number of images by using both the semi-automatic quantification and the manual 
counting and comparing both results. The semi-automatic method was found as precise 
as the manual method, as it can be proven both with ChAT (Figure 16B) and p75NTR 
markers (Figure 16D). Consequently, we validated the method for the analysis of 
cholinergic cells (Figure 17). 
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Figure 16 - Validation of the macro of the semi-automatic quantification method for ChAT+ and 
p75NTR + cells. Representative micrographs showing (A) ChAT+ cells in HDB and (C) 
p75NTR+ cells in HDB taken by optical microscopy after the immunodetection protocol of mice 
samples on life-long rimonabant treatment.  Comparison between the macro resulted from the Fiji 
semi-automatic method of the same area which precisely analyses the number of (B) ChAT+ and 
(D) p75NTR+ cells in the Ts65Dn mouse samples. 
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Figure 17 - General validation of the semi-automatic quantification method for ChAT and 
p75NTR analysis. Comparison between the semi-automatic method vs the manual one of a 
WT(A4) and a TS(E2) mouse model. 

3.2.2 Analysis of the medial septum 

Cholinergic neurons in the MS project mainly to the hippocampus, where they constitute 
the most important input releasing acetylcholine (Figure 10A). Specifically, it has been 
described in the literature that the Ts65Dn trisomic mouse shows age-related atrophy and 
loss of BF-C neurons in the MS as measured using immunostaining for either p75NTR 
or ChAT [88]. According to these studies, MS neurons remain intact in young Ts65Dn 
mice, but at approximately 6 months of age, they start to exhibit progressive degeneration 
[89] [90] [91] [92], a process simultaneous with a decline in memory and spatial mapping 
[90] [93], functions which are modulated by projections from MS to the hippocampus 
[94]. MS was the most described area in the basal forebrain that suffers from 
neurodegeneration in the Ts65Dn mouse model. As shown in Figure 10B, there was no 
difference in terms of total area of the MS between trisomic and controls. Regarding the 
average cell size of the MS cells of both groups, the analyses showed no of correlation 
neither between the treatment (data no shown).  

Moreover, both markers showed a non-significant decrease in the number of cholinergic 
cells in the MS of Ts65Dn compared to WT. This is in line with previous studies 
describing loss of BF-C neurons in the trisomic mouse at 10 months of age in the MS. 
Furthermore, this short of decline was not prevented by rimonabant treatment, as it can 
be seen both in ChAT (Figure 18E) and p75NTR (Figure 19E).   
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Figure 18 - Representative microscope micrographs of ChAT+ cells in WT and Ts65Dn male 
mice treated with vehicle or rimonabant. The sub-region shown in this figure is the MS. The 
panels on top are sections from WT mice: (A) WT VEH and (B) WT RIM. The bottom panel 
show images from Ts65Dn: (C) Ts65Dn VEH and (D) Ts65Dn RIM. Scale bar is 150 µm. E) 
Number of ChAT+ cell density in the MS assessed by immunodetection in the different groups 
of mice (n = 4-7 per experimental group). 
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Figure 19 - Representative microscope micrographs of p75NTR+ cells in WT and Ts65Dn male 
mice treated with vehicle or rimonabant. The sub-region shown in this figure is the MS. The 
panels on top are sections from WT mice: (A) WT VEH and (B) WT RIM. The bottom panel 
show images from Ts65Dn: (C) Ts65Dn VEH and (D) Ts65Dn RIM. Scale bar is 150 µm. E) 
Number of p75NTR cell density in the MS assessed by immunodetection in the different groups 
of mice (n = 4-7 per experimental group). 
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3.2.3 Study of other sub-regions of the basal forebrain 

Given that hippocampal dysfunction is a common feature on trisomic conditions [95] we 
focused the analysis on other BF sub-regions projecting to the hippocampus, including 
the diagonal band of Broca (vertical and horizontal) and the nucleus basalis of Meynert 
[96].  

3.2.3.1 Diagonal band of Broca 

Two structures are often described in the diagonal band of Broca: VDB (Figure 11A) and 
HDB (Figure 12A) [97]. The VDB projects to the hippocampal formation through the 
fornix, being the second largest cholinergic nucleus in the basal forebrain, after the NBM. 
On the other hand, HDB projects to the olfactory bulb and it is not described to have a 
significant population of cholinergic neurons [97] [90].This region has not generally been 
a focus for studies of neurodegenerative disorders, mainly because of the lack of clear 
anatomical boundaries to delineate VDB from surrounding magnocellular basal forebrain 
nuclei [97]. As shown in Figure 11B and Figure 12B, there was no difference in terms 
of total area between trisomic and controls, either in the area of VDB or HDB, 
respectively. Furthermore, average cell size did not reveal any significant different 
between groups (data not shown).  

ChAT and p75NTR labelling in the diagonal band of Broca, involving the analysis of 
VDB (Figure 20E) (Figure 21E) and HDB (Figure 22E) (Figure 23E) did not reveal 
any significant difference between genotypes. This result establishes that there is no 
neurodegeneration of cholinergic cells in this region in Ts65Dn at 10 months of age. 
Furthermore, no changes were observed due to rimonabant treatment.                                                   
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Figure 20 - Representative microscope micrographs of ChAT+ cells in WT and Ts65Dn male 
mice treated with vehicle or rimonabant. The sub-region shown in this figure is the VDB. The 
panels on top are sections from WT mice: (A) WT VEH and (B) WT RIM. The bottom panels 
show images from Ts65Dn: (C) Ts65Dn VEH and (D) Ts65Dn RIM. Scale bar is 150 µm. E) 
Number of ChAT+ cell density in the VDB assessed by immunodetection in the different groups 
of mice (n = 4-7 per experimental group). 
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Figure 21 - Representative microscope micrographs of p75NTR+ cells in WT and Ts65Dn male 
mice treated with vehicle or rimonabant. The sub-region shown in this figure is the VDB. The 
panels on top are sections from WT mice: (A) WT VEH and (B) WT RIM. The bottom panels 
show images from Ts65Dn: (C) Ts65Dn VEH and (D) Ts65Dn RIM. Scale bar is 150 µm. E) 
Number of p75NTR+ cell density in the VDB assessed by immunodetection in the different 
groups of mice (n = 4-7 per experimental group). 
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Figure 22 - Representative microscope micrographs of ChAT+ cells in WT and Ts65Dn male 
mice treated with vehicle or rimonabant. The sub-region shown in this figure is the HDB. The 
panels on top are sections from WT mice: (A) WT VEH and (B) WT RIM. The bottom paneshow 
images from Ts65Dn: (C) Ts65Dn VEH and (D) Ts65Dn RIM. Scale bar is 150 µm. E) Number 
of ChAT+ cell density in the HDB assessed by immunodetection in the different groups of mice 
(n = 4-7 per experimental group). 
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Figure 23 - Representative microscope micrographs of p75NTR+ cells in WT and Ts65Dn male 
mice treated with vehicle or rimonabant. The sub-region shown in this figure is the HDB. The 
panels on top are sections from WT mice: (A) WT VEH and (B) WT RIM. The bottom panels 
show images from Ts65Dn: (C) Ts65Dn VEH and (D) Ts65Dn RIM. Scale bar is 150 µm. E) 
Number of p75NTR+ cell density in the HDB assessed by immunodetection in the different 
groups of mice (n = 4-7 per experimental group). 

3.2.3.2 Nucleus basalis of Meynert  

The NBM is the major source of cholinergic innervation to the neocortex (13A), defined 
as a cluster of nerve cells located in the substantia innominate [98]. This is an area where 
degeneration occurs in AD and other neurodegenerative illnesses [99] [100]. Since 
Ts65Dn trisomic mice exhibit impaired vigilance or sustained attention [101] [102] [103], 
we hypothesized that BF-C neuronal projections from the NBM to the neocortex [104] 
[105] [106] could also be compromised. It was described for the first time that the number 
of BF-CNs in the nucleus basalis of Meynert/substantia innominata (NBM/SI) was 
significantly increased in adult Ts65Dn mice relative to controls [107].   

The exhaustive analysis of NBM showed similar numbers in the density of cholinergic 
neurons independently of the experimental group, establishing that there is no 
neurodegeneration of cholinergic cells in NBM in Ts65Dn at 10 months of age, as it can 
be measured in Figure 24. As can be seen in Figure 13B, there was no difference in terms 
of total area of the NBM between trisomic and controls.  Regarding to the average cell 
size of the NBM cells of both groups, the analyses show no sign of correlation neither 
between the treatment or the genotype. Furthermore, no changes were observed due to 
rimonabant treatment (data no shown). 
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Figure 24 - Representative microscope micrographs of p75NTR+ cells in WT and Ts65Dn male 
mice treated with vehicle or rimonabant. The sub-region shown in this figure is the NBM. The 
panels on top are sections from WT mice: (A) WT VEH and (B) WT RIM. The bottom panels 
show images from Ts65Dn: (C) Ts65Dn VEH and (D) Ts65Dn RIM. Scale bar is 150 µm. E) 
Number of p75NTR+ cell density in the NBM assessed by immunodetection in the different 
groups of mice (n = 4-7 per experimental group). 
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4 Discussion 

Life expectancy for people with DS has greatly increased over the last decades thanks to 
improved medical care, leading to a significant enhancement in the appearance of age-
related comorbidities in this sensitive group. Therefore, there is an urgent need to find 
and develop novel therapeutic solutions with the aim of palliating age-associated 
cognitive conditions in DS. Moreover, since DS is considered a genetic cause of AD, 
aging-associated studies in DS could light up novel approaches in the management of AD 
patients. In this study, we have focused on the analysis of cellular populations sensitive 
to degeneration in middle-aged individuals, using a relevant preclinical model for DS, the 
Ts65Dn mouse line, that was previously exposed through life to an experimental 
treatment effective for preventing memory loss. 

In the last decades, research on the multiple aspects of cognitive impairment in young 
subjects with DS has dramatically advanced, achieving significant alleviation of learning 
and memory deficits [108] that improved life quality in treated individuals. However, 
given that currently there is no effective treatment to circumvent the genetic alterations 
in DS, only palliative interventions can be designed at this point. Middle-aged adults with 
DS present neuropathological alterations common to AD [108], involving the 
degeneration of LC-NE and BF-C neurons [38], a feature that is reproduced by middle-
aged Ts65Dn trisomic mice [31]. 

Previously in the host laboratory, it was described that CB1Rs were upregulated in 
Ts65Dn trisomic mice (Figure 4A), and that sub-chronic rimonabant treatment 
normalized several deficits in young-adult trisomic mice including the novel object-
recognition memory alteration, the anomalous synaptic plasticity or the diminished 
neurogenic activity [52]. More recently, the host laboratory also found that life-long 
rimonabant administration, from PND21 to 10 months of age, restored the impaired 
performance of trisomic mice in the novel object recognition test (Figure 5). It is 
described that at 10 months of age trisomic mice already present a marked 
neurodegenerative phenotype observed in LC-NE and BF-C populations [35]. For this 
reason, the main purpose of the project was to study the neurodegenerative phenotype of 
trisomic mice after life-long treatment with rimonabant using the samples obtained after 
behavioural assessment of treatment efficacy. 

To this aim, manual and semi-automatic methods were set-up and combined to measure 
the density of specific neuronal populations: LC-NE neurons, by analysing TH 
immunoreactivity as previously described (Material and methods. 2.4.1) [70], and BF-C 
neurons, by analysing ChAT [36] and P75NTR [81] immunoreactivity as previously 
described (Materials and methods. 2.4.2). We performed this study in WT and Ts65Dn 
trisomic mice at the end of the life-long treatment with rimonabant, and vehicle treatment 
as control. 

Under our experimental conditions, the set-up and analysis of LC-NE and BF-C neurons 
demonstrated a significant accuracy at the time of detecting alterations in cell density in 
these critical populations of neurons, based on the results comparing both WT and 
trisomic animals in the vehicle/control group. Indeed, significant LC-NE neuron loss was 
observed in trisomic mice, in agreement with previous studies [35].  
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Notably, such deficit in LC-NE neurons was also observed to the same extent in 
rimonabant-treated trisomic mice. It is worth mentioning that rimonabant did not modify 
LC-NE neuron density in WT mice, which could be interpreted as a sign that the treatment 
was well tolerated, even for such a life-long intervention. Another interesting finding in 
the study had to do with the area covering LC-NE neurons. A similar area was observed 
in all four experimental groups while the number of LC-NE neurons was significantly 
reduced in trisomic mice. Further analysis will explore the density of cells in the LC in 
order to figure out whether noradrenergic neurons are replaced by other cell types so the 
area does not shrink, or to explore whether there is a shut-down in the expression of TH 
by some neurons in the area, which would limit their production of dopamine and 
noradrenaline from remaining LC-NE neurons. 

Regarding the assessment of cholinergic neuron density, the analysis was split in four 
main sub-regions of the BF in order to enhance the sensitivity of the study. In addition, 
two markers of cholinergic cells (ChAT and p75NTR) were used to better picture any 
minute modification. The most studied are in the BF with regard to cholinergic 
populations in DS is the MS. We observed that trisomic mice showed a non-significant 
reduction on cholinergic populations compared to WT mice. While our results only 
showed a trend to decrease cholinergic neuron density in MS, other previous studies had 
shown a significant decrease in the density of ChAT-immunoreactive neurons [90] [109] 
or p75NTR cells [110] [92] in MS of Ts65Dn trisomic animals at the same age. This 
potential discrepancy in the grade of neurodegeneration we detect may be derived from 
the fact that the Ts65Dn strain that we used was different from that used previously. Such 
strain-dependent differences have been observed for other phenotypes associated to 
Ts65Dn [111] but were never described for the neurodegeneration of cholinergic neurons 
in the MS. In our cohort of mice, life-long rimonabant exposure did not modify the trend 
to reduce cholinergic cell density in the MS, discarding that the improvement in memory 
performance of mice treated with rimonabant was related to the preservation of 
cholinergic populations. 

Further analysis of the BF was performed with a focus on VDB, HDB and NBM. The 
density of cholinergic neurons in these sub-regions has gain attention in recent years as 
other cholinergic populations in these sub-regions may be sensitive to degeneration [105, 
108]. Our results showed no differences between experimental groups in any of the three 
sub-regions analysed, a result that was not expected since previous studies had described 
a significant decrease in the density of ChAT-immunoreactive neurons within the VDB 
in Ts65Dn trisomic mice [90] [112]. Such discrepancy may also be due to strain 
differences between studies and are worth of further investigation. 

The study of the cholinergic cells also included an assessment of the cell body size. Under 
our experimental conditions, there were no significant differences between cell sizes in 
the different areas of BF. This is in disagreement with the previous study of a different 
strain, where they revealed a statistical difference between Ts65Dn mice and controls in 
terms of cell size of ChAT+ cells at 8 months and 10 months of age in the MS and VDB 
[36]. Regarding p75NTR+ cells, previous findings showed significantly smaller neurons 
in Ts65Dn mice at 12 months of age than in younger mice [113]. In conclusion, Ts65Dn 
trisomic mice in this study at 10 months showed mild cholinergic degeneration mainly 
limited to the MS sub-region of the BF with no alteration on the cell body size.  

Despite the well-demonstrated effect of rimonabant treatment in memory performance 
both in young-adults after a sub-chronic treatment [52] or after life-long exposure (Figure 
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4), no effect of the treatment was observed in the characteristic phenotype of the DS 
mouse model, indicating that the role of rimonabant treatment improving memory 
performance in aged trisomic mice is independent from preventing the neurodegenerative 
phenotype.  

Previous studies suggested that endocannabinoids are dysregulated in AD and contribute 
to the development of the disorder [56]. Nevertheless, there is no consensus in the 
literature to support a clear correlation of the pathology with an increase or decrease in 
endocannabinoid tone [38]. It was well-demonstrated the neuroprotective properties of 
the ECS, mediated by CB1R and CB2R through the normalization of glutamate 
homeostasis in neurons, and the reduction in inflammatory mediators through the control 
of the glial activation, respectively [7]. Interestingly, CB1R and/or CB2R agonists 
alleviate memory and/or cognitive impairments in AD mouse models [114]. In addition, 
studies of CB2R in AD mouse models indicate its upregulation in microglia and in mice 
that have received intracerebral injection of Aβ [115], leading to the suggestion that 
CB2R activation protects against AD-associated inflammation. It has been demonstrated 
that CB1R antagonism protected against Aβ-induced-memory impairment in mice [116]. 
This suggests that the activation of CB1R by endocannabinoids can inhibit neurotoxicity, 
however, it also aggravates its long-term consequences, that may lead to cognitive 
impairment [as it is cited in 112]. 

Interestingly, other studies have shown that enhancement of the endocannabinoid 2-
arachidonoil glycerol (2-AG), promoted by the inhibition of the metabolizing enzyme 
monoacylglycerol lipase (MAGL) through JZL184, had beneficial effects in relation with 
the improvement of cognitive performance and synaptic plasticity of 11-months old 
Ts65Dn mice [41]. Although the approach in our study with middle-aged Ts65Dn mice 
seems contradictory (rimonabant, CB1R blocker vs. JZL184, CB1R signalling enhancer), 
both treatments could reduce CB1R functionality, since it was described that JZL184 
treatment in mice or mice knockout for MAGL show a desensitization of CB1R, due to 
the extra 2-AG available. Therefore, both interventions (rimonabant or JZL184) could 
eventually reduce CB1R functionality [117] [118].  

In addition, it cannot be discarded the possibility that JZL184 could be acting through a 
CB1R-independent mechanism. Indeed, the administration of JZL184 in a mouse model 
of Alzheimer’s disease showed anti-inflammatory properties, which were independent of 
CB1R or CB2R function [119], and JZL184 was shown to reduce inflammation by 
reducing the levels of arachidonid acid, a relevant precursor of neuroinflammatory 
prostaglandins [120]. 

Given that life-long rimonabant treatment was efficacious preventing the memory deficit 
in the trisomic cohort of mice analysed (Figure 4), other mechanisms beyond the 
prevention of neurodegeneration may be modified by rimonabant and need to be further 
investigated to correlate them with cognitive improvement. For instance, a further step 
could implicate analysing the inflammatory status of the biological samples obtained after 
life-long treatment with rimonabant. Interestingly, a recent study revealed the relevance 
of neuroinflammation in DS [121]. Authors found a link between decreased cognition in 
the young and physiologically aging brain to peripheral or brain inflammation. In the 
brains of both AD and DS patients, inflammation is known to happen in response to the 
presence of neurofibrillary tangles and neuritic plaques [121].  
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Microglial cells are mainly mediating this inflammatory response, although other glial 
cells and even neurons participate in this inflammation [121]. In this regard, a heightened 
immunological activity with a subsequent increase in microglial activation could 
consequently play an important role in the cognitive deficit characteristic of DS [122]. 
Since Ts65Dn mice exhibit degeneration of LC-NE neurons and a tendency of loss BF-C 
neurons, rimonabant could be implicated in the reduction of this microglial reactivity. 

Other potential explanation behind the effectiveness of rimonabant in memory 
performance worth exploring could involve the modulation of oxidative stress. DS is 
characterized by increased markers of oxidative stress, due to a deregulation of 
gene/protein expression associated with the trisomy characteristic [123]. Studies 
evaluating oxidative stress in Ts65Dn mice reported its increment [40], which could result 
in another target worth investigating in aging Ts65Dn mice. Furthermore, it was revealed 
that a normalization in the oxidative stress levels thanks to a supplementation with the 
antioxidant vitamin E effectively improved performance on a spatial working memory 
task and showed an attenuation of cholinergic neuron pathology in the basal forebrain of 
the Ts65Dn [40]. For this reason, an exhaustive research in the life-long treatment 
samples based on neuroinflammation and the level of oxidative stress, could enable a 
better understanding about its relationship with rimonabant’s efficacy in improving 
memory performance. 

Furthermore, it would also be relevant to assess other biomarkers, with the purpose of 
studying in more detail the effect of rimonabant treatment, on the AD neuropathology 
present in Ts65Dn trisomic mice. For example, antibodies against tropomyosin receptor 
kinase A (TrkA) could allow detecting BF-C neuron degeneration [124], Additionally, 
the increase of β-amyloid present in Ts65Dn trisomic mice should also be analysed in this 
same samples [125]. 

It should also be considered that our results so far, only produced in males, need further 
validation in female Ts65Dn trisomic mice. Studying the LC and BF of the female 
samples will provide further insight into neurodegeneration in female trisomic mice and 
data on whether the gender of the trisomic mouse influences the loss of neurons in both 
areas. Moreover, it will contribute to understand if the effect of rimonabant on the DS 
phenotype is dependent on sex [126] [127]. At the same time, efforts are being made to 
find out the relationship between AD and the gender of patients, encouraging studies to 
include male and female samples for assessing sex differences in study outcome [128] 
[129]. 

Altogether, in the present study we found that the cognitive improvement produced by 
life-long treatment with rimonabant is independent of the neurodegenerative processes 
occurring in the male mouse model of Down syndrome. Future studies will be necessary 
to analyse other parameters beyond cell density, or other alternativeentc mechanisms 
bincluding neuroinflammation or oxidative stress, which could be therapeutically 
modulated by CB1R inhibition.  
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5 Conclusions 

1. Life-long CB1R pharmacological inhibition did not modify the degeneration of 
noradrenergic neurons in LC in Ts65Dn trisomic mice. 
 

2. An accurate semi-automatic quantification method was set up and validated for 
the immunodetection of ChAT+ and p75NTR+ cells by microscope imaging and 
the subsequent image processing. 
 

3. Life-long CB1R pharmacological inhibition did not modify the trend to 
degeneration of cholinergic neurons in MS of the BF in Ts65Dn trisomic mice. 
 

4. Other relevant sub-regions in the BF such as VDB, HDB and NBM, did not show 
evidence of cholinergic neurodegeneration in our cohort of middle-aged trisomic 
Ts65Dn mice. 
 

5. Despite the efficacy of rimonabant treatment in the memory performance of 
trisomic mice, no effect was observed in the characteristic neurodegenerative 
phenotype of the DS mouse model (neither in LC nor BF), demonstrating that the 
improvement in memory performance is independent from restoring the 
neurodegenerative phenotype in middle-aged Ts65Dn trisomic mice. 
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